This paper proposes a hybrid method integrating case-based reasoning (CBR) and analytic hierarchy process (AHP) methods to reinforce the sustainable performance of an environmental management system. The CBR-AHP method aims to support the decision-making process to select environmental management actions (EMAs) aimed at reducing risky trends of the environmental state of a region. The CBR methods takes advantage of a set of situation-solution pairs called cases, which are stored in a memory and then retrieved as candidates to solve new problems. Situations in this work are represented by a set of risky trends of key environmental pathways (KEPs) related to CO 2 emissions, air quality, loss of vegetation cover, water availability, and solid waste, the combination of which damage the environmental state quality of a region. Meanwhile, solutions are represented by a set of EMAs. Similar situations to a given current situation are retrieved from the memory of cases, and then their solutions are combined through an adaptation mechanism, until the solution of the current problem is obtained. The AHP method is used to assign weights to environmental variables and to alternative solutions represented by EMAs. We used risky trends derived from real data related to the environmental states of a Mexican region to test the proposed CBR-AHP hybrid method. The results obtained provided insights into the potential of the CBR-AHP hybrid method to support the decision-making process to select EMAs aimed at reducing risky trends of current environmental states.
Introduction

Background
Interactions between environmental drivers and pressure variables usually bring about incremental trends over time. Drivers such as population increase and socioeconomic development cause direct and indirect effects on pressure variables, including the increase of CO 2 emissions, air pollution, Several frameworks of the CBR method were proposed. However, the CBR method essentially contains a memory of cases, a retrieving process, an adaptation mechanism, and a refinement module [31] [32] [33] [34] [35] .
The application of the CBR method to environmental problems requires weighting the variables involved in the environmental state to highlight their relevance when the decision-making processes to select EMAs take place. However, the CBR method is not capable of weighting such variables and ordering them by priority. On the contrary, the analytical hierarchical process (AHP) method can weight a set of variables and order them by priority to facilitate their selection within a decision-making process. Both the CBR and the AHP methods belong to the category of multiple criteria decision making (MCDM) methods.
Based on an analysis of advantages and disadvantages of the CBR and AHP (analytical hierarchical process) methods, we aim to show that the integration of both methods is convenient to solve the problem of weighting the variables involved in this study. Thus, the AHP method will be incorporated as part of the CBR framework in this work.
The Proposal: A Hybrid CBR-AHP Method Integrated into an EMS
The decision-making process in environmental projects can be complex and seemingly intractable, principally because of the inherent trade-offs between sociopolitical, environmental, ecological, and economic factors. Consequently, selecting from among many different alternatives often involves making trade-offs that fail to satisfy one or more stakeholder groups [36] . Derived from the analysis of advantages and disadvantages of both methods, we will show that the AHP method represents a counterbalance of an important weaknesses of the CBR method related to the assignment of weights to environmental variables and to EMAs.
The CBR method is also considered as a MCDM method because it can support decision makers with candidate solutions to solve new problems [37] [38] [39] [40] . Meanwhile the AHP method is "a theory of measurement through pairwise comparisons and relies on the judgments of experts to derive priority scales" [41] . Thus, the major characteristic of the AHP method is the use of pairwise comparisons, which are used both to compare the alternatives with respect to the various criteria and to estimate criteria weights [40] . We describe below some important advantages and disadvantages related to CBR and AHP methods that aim to propose the integration of the AHP method into the structure of the CBR method to reinforce its performance.
Advantages of the AHP method. The hierarchical structure of the AHP allows users to deal with problems of different sizes within multifactorial and multidisciplinary contexts. In case of inconsistency, decision makers can review, revise, and change until judgments become consistent, thus guaranteeing consistency [38] . This is a basic ingredient for making good decisions. Comparisons can be made using both quantitative and qualitative indices [42] . In addition, it is simple to use and understand [40] [41] [42] [43] .
Disadvantages of the AHP method. As the number of comparisons increases, it becomes extremely difficult to maintain the consistency ratio (CR) value within 0.1. The AHP methods are based on pairwise reciprocal comparison matrices that express the preference of experts for criteria and alternatives. The acceptance or rejection of AHP matrices based on their consistency is an important objective in this method. The transitivity rule is crucial in the checking process of consistency, which can be explained by the following example: If the preference of alternative A is greater than the preference for B, and the preference for alternative B is greater than the preference for C, the preference for alternative A is greater than the preference for C, using the transitivity rule. Otherwise, the matrix is rejected due to the inconsistency of preferences expressed by experts or decision makers. A way of measuring consistency is using the consistency ratio (CR) through the following expression: CR = CI/RI, where CI represents the consistence index and RI is the average value of CI for random matrices using the Saaty scale, which suggests that the entities for comparison should not exceed 9 [42] . The terms CR, CI, and RI will be used in Section 2.2.2 for checking consistency of criteria and alternatives treated in this paper. The formal definition and analysis of these terms is outside the scope of this paper, so for more details about these concepts, refer to Saaty [42] .
If the consistency ratio exceeds the limit, decision makers have to revise the pairwise comparisons again. Therefore, it may be time-consuming reaching consensus, because decision makers have to compare each cluster in the same level in a pairwise fashion, based on their own experience and knowledge, and through subjective judgements, in such a way that different opinions about weights of each criterion can complicate matters.
Advantages of the CBR method. It takes advantage of experiences composed of situationssolutions pairs, also called cases, which are stored in the MC. Cases stored in the MC similar to the current situation are retrieved using just one equation to calculate the similarity value. Even though the similarity metrics use an exponential expression, it is simple to calculate. Therefore, a comparison between whole situations is performed, instead of a pairwise comparison between entities that compose the situations. The new experiences are not lost, because they are stored in the MC and can be used to solve future problems. One experience stored in the MC can be continuously enriched and refined, without affecting other cases or experiences. CBR is simple to use and understand [40] .
Disadvantages of the CBR method. CBR is sensitive to inconsistent data [40] . CBR does not have its own mechanism to calculate weights, which is required in two moments of the process to obtain a solution: (1) in the similarity process to retrieve situations stored in the MC similar to the current situations; and (2) in the adaptation mechanism, where several candidate solutions composed of EMAs are combined to build the final solution.
In a CBR method, the lack of one mechanism to verify consistency of the assigned weights to the entities of criteria and alternatives to relieve the problem of subjective judgements can bring about inadequate selection of EMAs, which is not good for the sake of sustainable performances.
Justification of the Proposed CBR-AHP Hybrid Method
Based on the preceding analysis, we propose a hybrid method integrating an AHP method into the CBR method to help relieve the problem of lack of consistency checking intrinsic to the CBR. On the one hand, the AHP method will be used to calculate weights to be assigned to environmental variables, which are used to calculate the similarity between situations of the MC and the current situation. On the other hand, a set of most similar situations of the MC to the current situation is provided to decision makers. These situations have associated their corresponding candidates to solutions composed of a set of EMAs that can be adapted to obtain a unique solution. The candidate EMAs to solutions will serve as alternatives of an AHP method, where the criteria are derived from a questionnaire related to environmental issues of the region, which will be responded to by experts in the environmental domain. This hybrid method (CBR-AHP) will combine the advantages of both methods to reinforce or improve the performance of the CBR method, both in the similarity calculations to retrieve similar cases and in the adaptation process to propose adequate EMAs to decision makers.
The Scope of This Paper
The scope of this paper is derived from the problem statement of this proposal, which is described as follows: Given a current situation described by a set of current risky trends of key environmental pathways to retrieve a set of similar situations stored in the memory of cases, whose corresponding solutions will be adapted to find a final solution? Thus, this paper is centered on the decision-making process that aims to select a set of adequate EMAs, using the CBR-AHP hybrid methods. However, we would like to point out that the decision-making process is integrated into an EMS. This hybrid method was applied to the case of the state of Morelos, in Mexico, with real data during the period 2000-2010. We used a near-future outlook proposed by the Organization for Economic Cooperation and Development (OECD) [44] , which serves as guidance for achieving good environmental states by 2030. In this Outlook to 2030, several scenarios are described by combining states of CO 2 emissions, waste, water, biodiversity, and air quality. The scenarios represent bad, medium, and good environmental situations that could occur in the year 2030 in the case of adequate or inadequate implementation of EMAs.
Materials and Methods
Materials
The materials used in this paper are derived from a previous study [45] . In that work, we aimed to study the effects of the population increase on key environmental variables (KEVs) that affect the environmental quality of a region over time during the period 2000-2010. The main reason for choosing this period was because the official source of data related to population increase, which represents the driving force variable of this study, is the population census made by the INEGI (the National Institute of Statistics, Geography and Informatics) every 10 years. The next release of population data will be in the year 2021, which would correspond to the period 2011-2020.
The Compiled Data for the Period 2000-2010
For this study, we have considered 9 variables, whose values were compiled during the period 2000-2010. Population increase represents the driving-force variable and the remaining 8 variables are categorized as pressure variables; five of them are considered as KEVs (CO 2 emissions, air quality, loss of vegetation cover, water availability, and solid waste). Two variables out of 9 contribute to the increase of the loss of vegetation cover (transport roads and forest fires), and, finally, the variable representing the increase of transport vehicles, which is the main variable that contributes to CO 2 emissions.
The data of the driving-force variable and pressure variables were compiled from different official institutions in Mexico and the USA [46] [47] [48] [49] [50] [51] [52] [53] [54] . Then, an average per year of each variable was calculated. We also used the percentage increase of each involved variable between the years 2000 and 2010. This percentage increase is calculated between the year 2000, which represents the reference, and the rest of the years until the year 2010. The percentage increases between the year 2000 and the remaining years are the values used to calculate the trends of the causal relationships between pairs of variables. Appendix A shows the average per year of each variable of this study, as well as their corresponding percentage increase. The meaning of variables shown in this table are the following: Pop: population; Trans-Ro: transport roads; FF: forest fire; LVC: loss of vegetation cover; Trans-Ve: transport vehicles; Sol-Was: solid waste; CO 2 : CO 2 emissions; and Air-Q: air quality, mainly represented by PM 2.5 .
The percentage increase is calculated by the following expression: ((V current-year − V 2000 )/V 2000 ) × 100. As an example, we use the data related to the LVC variable. The value of the variable V current-year will be represented from the year 2001 to 2010 by taking the variable value at the year 2000 as reference.
For The set of the percentage increase values corresponding to the years 2003 to 2010 is calculated in a similar way. The percentage increase values corresponding to the remaining variables involved in this study are calculated in a similar way.
Trends of Causal Relationships between Drivers and Pressure Variables
As mentioned in a previous paper [45] , we have defined several concepts that will be utilized in this work to develop the CBR-AHP method that will support the decision-making to select EMAs. The concept known as "causal relationship" is one of them. It uses the data depicted in Appendix A. It is represented by the following expression: ∆X → ∆Y, where X represents the independent or explanatory variable, and Y represents the dependent or response variable. The symbol "→" represents an action of causality between X and Y. Meanwhile, the symbol ∆ represents an increment. Then, the expression ∆X → ∆Y can be read as follows: as the variable X increases, the variable Y also increases. Table 1 shows a set of causal relationships and their equation corresponding to the straight line interpolated using the linear regression method. We consider that B 1 (the slope value) quantifies the relationship between the independent and dependent variables. For example, the B 1 value (see Table 1 ) in the relationship population-air quality is 0.4 expressed in tangent values (22.7 • in angular values and 0.25 in normalized values), which can be interpreted as follows: the explanatory variable (population) does not cause important effects on the response variable (air quality). On the contrary, the B 1 value in the relationship population-FF (Forest Fires) is 23.3 expressed in tangent values (87.5 • in angular values and 0.97 in normalized values), which can be interpreted as follows: the explanatory variable (population) has very important effects on the response variable (forest fires). Thus, the B 1 value gives us an interesting idea about the level of the current trends of the relationships between the involved variables in this study. A particular situation takes place with relationship ∆Pop → −∆Wat-Av, which means that, as the population increases, the reduction of water availability also increases.
Integration of the CBR-AHP Hybrid Method into the EMS
The proposed method is part of the processes that take place within an EMS. This method is focused on the decision-making process of the EMS. In order to facilitate the understanding of the processes involved in the EMS, we will give a brief description of them by highlighting the importance of the role of the proposed method within the decision-making process. A simplified version of the EMS, represented by a block diagram, is used to describe the processes involved in the EMS (see Figure 1 ). Due to the fact that the EMS was already reported [45] , it is included in this section of materials. In contrast, the decision-making process, which is situated in the EMS-Step 5 of the EMS, will be described in the methods section, because it is the main proposal of this work.
We will briefly describe the processes taking place within the EMS, which is composed of 6 steps. The EMS-Step 1, EM-Step 2, EM-Step 3, and EMS-Step 4 are already developed and reported [44] . The EM-Step 5 is presented in this work. Due to the fact that the EM-Step 6 is currently under development, it is only mentioned but not analyzed. Figure 1 (below) depicts the steps of the EMS.
A brief description of the EMS. Our main objective was to study the effects of the population increase, playing the role of a driving-force variable, on pressure variables, which affect the state of the environmental quality and cause impacts on different issues related to the environment. Based on assessments of the environmental state, a set of EMAs are proposed. The selection of adequate EMAs becomes a challenge for decision makers to support a sustainable performance of the EMS.
On the processes taking place within the EMS. Based on Figure 1 , the EMS starts with the compilation of data related, with 9 variables from which we build a set of causal relationships (EMS-Step 1), which are mainly associated with socioeconomic and environmental aspects. In the EMS-Step 2, a set of key environmental pathways (KEPs) linking the population increase with KEVs are built and aggregate to build an environmental state index in the EMS-Step 3. Thus, KEPs are composed of a sequence of cause-effect relationships between drivers and pressure variables. Each KEP is associated with one KEV, namely CO 2 emissions, solid waste, water availability, loss of vegetation cover, and air quality. In the EMS-Step 4, the assessment of risky trends of KEPs is carried out, which will be used as input data to EMS-Step 5, where the decision-making process to select adequate EMAs takes place. Finally, the implementation of the adequately selected EMAs should be monitored to assess their performance, which takes place in EMS-Step 6.
Set of KEPs
The set of KEPs is described in Table 2 . A main characteristic of these KEPs is that they link the population node with the nodes representing the KEVs, and all of them converge into the global environmental state (GES) node. As we can see, a GES index or aggregate indicator was built, because the five KEPs converge into the GES node. 
KEPs
Sequence of Relationships Representing the KEPs
Path_Sol-Was ∆Pop → ∆Sol-Was → GES Path_Water-Av ∆Pop →-∆Wat-Av → GES Path_Air-Q ∆Pop → ∆Air-Q → GES Path_CO 2 (((∆Pop → Trans-Ve) ∧ (∆Trans-Ve → ∆CO 2 )) + (∆Pop → ∆CO 2 )) → GES Path_LVC (((∆Pop → ∆FF) ∧ (∆FF → ∆LVC)) + ((∆Pop → ∆Trans-Ro) ∧ (∆Trans-Ro → LVC))) → GES 2.1.5
. A Set of EMAs to Improve the Environmental State
Appendix B shows a set of EMAs. One or several of these EMAs represent alternatives to reduce the trends of the KEPs and, consequently, of the GES.
The OECD-Outlook to 2030
The OECD has proposed an Environmental Outlook to 2030 that depicts a set of favorable and unfavorable environmental scenarios associated with semaphore lights, as follows (text reproduced from [44] ): "Green light = environmental issues which are being well managed, or for which there have been significant improvements in management in recent years but for which countries should remain vigilant; Yellow light = environmental issues which remain a challenge but for which management is improving, or for which current state is uncertain, or which have been well managed in the past but are less so now. Red light = environmental issues which are not well managed, are in bad or worsening state, and require urgent attention."
These scenarios could be reached from the current state, depending on the implementation or non-implementation of EMAs.
Methods
The methods shown in this work are related to the decision-making process taking place in Step 5 of the EMS, which is shown in Figure 1 . Figure 2 depicts the steps of the decision-making process aimed at selecting a set of adequate EMAs, given a set of risky trends of the KEPs. The description of the current situation takes place in DM-Step 1 (DM stands for decision-making). The current situation is composed of trend values of KEPs. These KEP values are the input of one of the two modules of the DM-Step 2, which is in charge of providing an order of priority of KEPs by applying the AHP method. This method also checks the consistency of the provided order. In DM-Step 3, a set of weighted KEPs representing the current situation is the input data of the similarity calculations to retrieve similar cases stored in the MC. The output of the DM-Step 3 represents a set of retrieved cases whose situations are the most similar to the current situations. This set of retrieved cases is provided to the adaptation mechanism. In DW-Step 4, when two or more than two EMAs are proposed as candidates for the solution, the EMAs are ordered by priority using the AHP method, which also checks the consistency of the order of priority. The output of the DM-Step 4 provides the selected EMAs by order of priority to decision makers. Finally, new situations and/or solutions, as well as modified situations and/or solutions, will be stored in the MC in the refinement process that takes place in DM-Step 5. The framework of the CBR method of this paper has the common components of the traditional frameworks found in [31] [32] [33] [34] [35] .
The next sections deal with the methods and concepts associated with the CBR-AHP hybrid method proposed in this work by following the steps depicted in Figure 2 .
DM-Step 1: Description of the Current Situation
The behavior of the trend values of KEVs over time is due to a sequence of cause-effect relationships between drivers and stressors that damage the environmental state. Such sequences are represented by KEPs, which are combined to build the GES index. This is the reason why we use trend values of KEPs in the construction of situation-solution pairs or cases to be stored in the MC. Therefore, the current situation is described in terms of current trend values of KEPs. In addition, through the use of KEPs, we are able to identify those relationships that are causing the most, or the least, damage to the GES. One KEP is always associated with one KEV.
These current trend values can be expressed in angular or normalized values as shown below. State: Several considerations concerning the construction of the MC were taken into account. A set of KEPs associated with five KEVs were defined; we assessed the trend values of each KEP with risk values belonging to a range expressed in three different terms: tangent values (0, ∞); angular values (0 • , 90 • ); and normalized values (0, 1), where 0 or 0 • represents the minimum risk and ∞, 90 • , and 1 represent the maximum. Five regions at risk were determined where a given trend value could fall inside; these regions at risk will be composed of a finite number of predefined situations, along with their solutions, which are composed of a set of EMAs.
A situation in the MC will be mainly composed of six values, corresponding to the five KEPs and the GES value. Meanwhile, the solution contains EMAs aimed at reducing the trends of the KEPs associated with the highest-risk trend values. The MC used in this work is shown in Appendix C, which is composed of 243 cases or situation-solutions pairs.
Method to Define the Number of Potential Cases to Be Stored in the MC
Considering that the trend value of a KEP can fall inside five potential zones at risk, as described in Table 3 , the total number of situations would be R n , where R is the number of KEPs and n is the number of regions at risk. Hence, R = 5 and n = 5, thus 5 5 = 3125 potential situations by considering only one value for each KEP. This value will be represented by the centroid value of the regions at risk, which are expressed in angular or normalized values in Table 3 . The centroids are also shown in the third and fifth columns of Table 3 . Table 3 . The centroids of the ranges at risk expressed in angular and/or normalized values. Thus, each KEP could have five centroid values, one for each region at risk. The main reason why the centroid of each region at risk is chosen is that we need a reference of each region at risk to initiate the search for a situation stored in the MC similar to the current situation.
Regions at Risk Ranges in Angular Values
Centroid in Angular Values
Ranges in Normalized Values
Centroid in Normalized Values
Region at very low risk
As the number of regions at risk rises, the number of potential solutions rises. And as the number of KEPs increases, the number of potential solutions increases, as well. For example, if we suppose that the number of regions at risk increases up to eight zones and the number of KEPs up to six, then the result would be 6 8 = 1,679,616 potential situations. Thus, an exponential increase is expected as both variables increase. As we can see, this number of potential situations is not easy to handle in practical terms.
A Pruning Method to Reduce the Number of Potential Cases to Be Stored in the MC
A practical and representative number of situation-solution pairs (cases) should be stored in the MC. As explained before, the number of potential situations by considering one reference value (the centroid of the regions at risk) for each one of the five regions at risk and five KEPs would yield 5 5 = 3125 potential situations. On the other hand, the solution will be composed of a set of EMAs to be proposed to users. If we consider five EMAs (see Appendix B) for each KEP, then the potential solutions will be 5 5 = 3125 potential solutions. Therefore, the total number of potential situation-solution pairs (cases) would be 3125 × 3125, and then the total of potential situation-solution pairs (cases) would be 9,765,625. This number of cases stored in the MC would be very hard to handle from a practical point of view. However, we can reduce this complexity by considering practical measures. For example, the current situations falling inside the regions at very low and low risk are not candidates to implement EMAs because these regions are not at risk at all. Thus, the number of potential situations that are candidates to apply EMAs would be reduced to 3 5 = 243, which corresponds to the regions at medium, high, and very high risk for the five KEPs. We can verify that 243 situations represent 7.77% of the total of 3125 potential situations, if the five regions at risk were considered. At the same time, we could consider two of the EMAs for each potential situation, which yields 2 5 = 32 potential solutions for each potential situation. Finally, after applying these pruning measures, the total of potential situation-solution pairs (cases) would yield 243 × 32 = 7776. This number of cases is easier to handle.
Another criterion to reduce the number of cases is related to the current situations that have one, or more than one, KEP whose current trend is located in the region at high risk or in the region at very high risk. We will give priority to those current values of the KEPs that fall either inside the regions at high or very high risk. More precisely, with normalized values ≥0.777 or ≥0.944. Derived from this consideration and based on 243 cases derived from the combination 3 5 = 243 mentioned before, we have classified the situations stored in the MC in accordance with their associated EMAs as follows: 85 with three EMAs, 76 with four EMAs, 40 with two EMAs, 31 with five EMAs, and 11 with one EMA.
The AHP Method to Determine the Order of Importance Given to the Questions The calculation of similarity measure requires weighting KEPs for the simple reason that they are not of the same nature. The purpose of weighting KEPs is to assign them a level of relevance within a particular context, which is composed of specific socioeconomic and sociopolitical factors, technical capacities to implement the EMAs, and the capacity of each variable to affect the state of other variables. The fact of assigning weights to a set of KEPs requires verifying consistency of the order of priority. The consistency checking will be carried out by the AHP method.
The methods to assign weights to KEPs need reliable information and knowledge in order to be valuable and usable. In the domain of environmental problems, the direct intervention of experts is more reliable [55] . Such information and knowledge can be elicited through the direct intervention of experts. Knowledge elicitation is the process of collecting information from human knowledge that is thought to be relevant to that knowledge [56] . In direct elicitation methods, the domain expert is questioned to obtain information, which has to be easily expressed by the expert. A direct method is the application of a questionnaire [57] [58] [59] [60] .
We consulted a group of experts to determine an order of preference to be assigned to the KEPs associated with EMAs and to the issues contained in the questions. The experts belong to different areas, namely climate change, water, solid waste, biodiversity, and air quality. For each question, the expert should know the real context of the region. Table 4 shows the questions applied to a group of experts. The process to weight the KEPs is composed of three steps: (1) We have prepared a questionnaire designed to define the criteria from which the order of priority of KEPs is determined; (2) we have defined an order of preference both for the questions and for the KEPs; and (3) the AHP method was applied to verify the consistency of the order of preference given to criteria and to KEPs.
The order of preference, for five variables can be expressed as follows: X1 > X2 > X3 > X4 > X5. Eventually, the order of preference between two variables can be defined by "equal"; for example, X3 = X4, which can be read as X3 is equally preferred to X4. A scale of pairwise comparison is shown in [42] , with the following order of preference: extremely preferred (9), very strongly to extremely (8), very strongly preferred (7) , strongly to very strongly (6), strongly preferred (5), moderately to strongly (4), moderately preferred (3), equally to moderately (2), and equally preferred (1) . Table 5 shows two important averages: the points average obtained by KEPs and the points average obtained related to the five questions, both derived from the opinions of the experts. These averages will provide us with an estimation of the order of preference both for the KEPs and for the questions. The estimation of the order of preference for the questions is the following: Q5 > Q2 > Q1 > Q3 > Q4. Meanwhile, the estimation of the order of preference given to KEPs is the following: Path_LVC > Path_Wat-Av > Path_Sol-Was > Path_CO 2 > Path_Air-Q. The AHP method will be used to confirm the order of preference for both the questions and the alternatives represented by KEPS associated to EMAs by checking the consistency ratio. Figure 3 shows the hierarchy to be analyzed, which shows at the first level the "Selecting Adequate EMAs" node that represents the goal to be reached, the criteria at the second level, and the alternatives at the third level. The criteria are derived from the questions shown in Table 4 ; meanwhile, the alternatives represent the EMAs/KEPs. The AHP method applied to determine the order of importance given to the questions is shown below. The criteria comparison matrix (Matrix A) to determine the order of importance of the questions is shown below. The normalized column sums of the matrix A are shown below. The Eigen Vector is shown in column 7, which is determined by the average of each row. As shown by the Eigen Vector or criteria weights, the criterion described by Q5 is the most important one. It deals with the key environmental variable that represents the major international concern.
The next step is to check for consistency. For example, it should meet the transitivity rule as follows: If criterion A is preferred to criterion B, and B is preferred to C, then A is preferred to C. If the consistency ratio is CR ≤ 0.1, it indicates sufficient consistency for decision.
[Ax]·[x] −1 is called the consistency vector. λ max (the Eigen Value) determines the average of the elements of the consistency vector, which is defined as follows: λ max = average [Ax]·[x] −1 . The consistency vector represented horizontally is the following: The consistency index (CI) is calculated as follows: CI = (λ max − n)/(n − 1) = (5.238 − 5)/(5 − 1) = (0.238/4) = 0.0595, where n = 5, which represents the number of the criteria. We calculate CR, the consistency ratio, which is defined by the following expression: CR = CI/RI, where RI is the random index.
The value of the RI depends on the number of alternatives (n), as shown below. As mentioned in Section 1.2, based on the Saaty scale, the RI value depends on the number of entities of criteria and alternatives represented by n [42] . In our case n = 5, thus, the RI value is 1.1. Finally, the consistency ratio is CR = CI/RI = 0.053/1.1 = 0.048. It indicates sufficient consistency for decision because CR < 0.1.
The AHP Method to Determine the Order of Priority of the Alternatives (KEPs) Thus, we have to consider the five alternatives representing the KEPs for each of the criteria based on Q1, Q2, Q3, Q4, and Q5, as shown in Figure 3 , Section 2.2.2. For lack of space, we determine only the weights assigned to alternatives linked to the criterion Q5, as shown in Figure 4 . As mentioned before, the estimation of the order of preference given to KEPs associated with their EMAs is the following: We recall that the following results are related to alternatives linked to Question 5. We can verify from the Eigen Vector that Path_LVC was assigned with the highest weight value (0.503). The second place is occupied by Path_Wat-Av, Path_Sol-Was is in third place, Path_CO 2 is in fourth place, and Path_Air-Q is in fifth place.
The λ max (the Eigen value) in this case is the one shown below: Finally, CR ≤ 0.1, which indicates sufficient consistency for decision.
DM-Step 3: The Similarity Measure Method to Retrieve Similar Situations from the MC
A similarity method is used to retrieve those situations stored in the MC similar to the current one. The similarity measure uses Euclidian metrics, whereby the math function to determine the similarity value is represented by Equation (1); it calculates similarity measures without weights [61] .
The Euclidian distance when weights are assigned to all the attributes is shown in Equation (2) [55]:
where x = [x 1 , x 2 , . . . . . . x n ] represents the array of attributes belonging to the current situation; y = [y 1 , y 2 , . . . . . . . y n ] is the array of attributes representing any situation stored in the memory of cases; i is an integer number from 1 to n; and n is an integer representing the number of attributes associated with each situation for both the current situation and the situations stored in the memory of cases. The attributes are related to KEPs. The GES does not belong to the attributes to be compared to calculate the similarity between two situations. The GES value is a very good guide for finding situations belonging to the MC similar to the current one. The situations stored in the MC similar to the current one are in the neighborhood of its GES value. In Equation (2), w r i represents the weight value to be assigned to the n attributes, and r takes the value of 2. We have five variables to be weighted with values between 0 and 1. For obvious reasons, a variable cannot be assigned with the value of "0". Several sets of five weights can be defined; . We selected the range [0.5 to 0.9], but we could also select other ranges. The only condition is that the most significant weight should be the one closer to 0 and the less significant the one closer or equal to 1.
We show below an example of the similarity between a situation stored in the MC and a current situation. The similarity calculation will be performed based on the following considerations: w 2 1 is the weight assigned to the term |(x 1 −y 1 )| 2 , which represents the difference between the value of the variable CO 2 corresponding to the current situation (x 1 ) and the value of the variable CO 2 (y 1 ) that corresponds to a situation stored in the MC. Following a similar procedure, w 2 2 corresponds to the variable solid waste, w 2 3 corresponds to the variable water, w 2 4 corresponds to the variable LVC, and w 2 5 corresponds to the variable Air-Q. For this example, the weights assigned to environmental variables are 0.7 for CO 2 ; 0.6 for waste; 0.9 for water; 0.5 for LVC; 0.8 for air quality. As we can see, the highest weight value (0.5) was assigned to the LVC variable. We use Equation (2), shown in Section 2.2.3, for the calculation of similarity measure, using the weight assigned to the involved variables.
The current situation is described in Table 6 , using normalized and angular values. As we can see, the GES is situated in the region at high risk due to the effects of the trend values associated with CO 2 , waste, and LVC. The most similar situations stored in the MC with this current situation by applying weights are also shown in Table 6 . The Adaptation Mechanism. The role of the adaptation mechanism is to build a set of EMAs by combining the EMAs provided by the retrieving process of the most similar cases stored in the MC. When a current situation is presented, it is compared to situations stored in the MC, using the similarity measure method described in Section 2.2.3. This mechanism will allow users to recover a set of the most similar cases to the current situation. The literature recommends recovering not only the most similar one but a set of those close to-or in the neighborhood of-the most similar one. Having several similar cases will facilitate the adaptation mechanism to obtain the final solution by combining the recovered cases.
Based on the example shown in Section 2.2.3, the solutions associated with the most similar situations stored in the MC and the fact that the key environmental variables, LVC, Waste, and CO 2 , were weighted with the highest values, three of these five solutions propose a combination of EMAs related to the three most weighted variables. The most similar solutions contain the EMAs related to LVC, Waste, and CO 2 : S81, S113, and S84.
The application of the AHP method to confirm the order of priority from a set of EMAs associated with the key environmental variables, LVC, Waste, and CO 2 , should be supported by the order of priority of these variables, which was already determined in Section 2.2.2. This order of priority was LVC > Wat-Av > Sol-Was > CO 2 > Air-Q. Derived from this priority, the priority that corresponds to this example is LVC > Sol-Was > CO 2 . The consistency of order of this priority was already checked in this same (Section 2.2.2).
DM-Step 5: The Refinement Process
The refinement process takes place in one of the following cases:
(1) If no similar situation to the current situation is found in the MC, then it is incorporated as a new situation in the MC; (2) If the adapted solution required more than five stored situations and their solutions need to be defined; (3) If the adapted solution is not yet included in the MC.
For example, the current situation treated as an example in the preceding section was specified by the following normalized values of environmental variables: This situation was not part of the initial MC; thus, it is a serious candidate to enrich or refine the MC.
Analysis and Discussion of Results
In this work, the trend of the current environmental state is composed of trends of five KEPs related to the following KEVs: CO 2 emissions, air quality, loss of vegetation cover, water availability, and solid waste. The combination or aggregation of these five KEPs will result in a trend of the GES. Thus, the risky trends of five KEPs represent a problem that needs solving.
Meanwhile, the solution consists of proposing implementable EMAs aimed at reducing those trends that put at risk the environmental quality of a region under study. These KEVs were chosen because of two main reasons: (1) They are related to the OECD's Outlook to 2030 that aims to manage the state of the environmental quality [44] ; and (2) our interest is to make this study with real information available from official sources (national and/or international), during a considerable period of time (at least 10 years). Other important variables, such as industrial emissions or non-solid waste, among others, were not considered, due to lack of information.
The discussion of results will follow the steps of the decision-making process shown in Figure 2 .
On the DM-Step 1: Description of the Current Situation
The current situation could be defined by a set of current trend values of KEPs that compose the environmental state. However, the assessments of the trends related to isolated variables over time, whose combination or aggregation represent the global environmental state, results in an incorrect judgement. Instead, the combination of a set of sequences of cause-effect relationships, named KEPs, between drivers and stressors should be considered to represent the global environmental state. In addition, KEPs are able to identify what cause-effect relationships are impacting the environmental state the most or the least.
On the DM-Step 2: Memory of Cases and Priority of KEPs
Analysis of Cases to Be Stored in the MC
The following considerations to build the predefined MC were taken into account: (a) Any current situation should always find a set of similar situations from the MC and their corresponding solutions. (b) The definition of cases is related to the KEPs because they link drivers with stressors that exert effects on the environmental state. Thus, the cases can be analyzed not only by the values of isolated key environmental variables, but also by the relationships that have effects on them.
The initial set of cases to be stored in the MC always represents a challenge because we have to avoid a huge number of cases or situation-solution pairs. However, it should be representative enough for the initial sessions to retrieve similar cases to current situations. Based on practical reasons, we have considered only three regions at risk (medium, high, and very high) and two EMAs per environmental pathway, thus obtaining 243 potential situations and 32 potential solutions.
We can estimate that, as the number of EMA candidates increases, conflicting situations can occur at the moment of choosing one EMA over another, especially when the EMAs to be selected from are more than 2.
Analysis of the Method to Assign Weights to KEPs
We used a direct elicitation method [57] [58] [59] [60] to obtain the information related to determine preferences assigned to KEPs through a questionnaire depicted in Table 4 . The experts who responded to the questionnaire belong to domains related to climate change, biodiversity, water, solid waste, and air pollution. However, the diversity of domains of expertise can bring about conflicts due to the different points of view of experts, thus putting at risk the assignment of weights based on objective judgements. One way of reducing such conflicts is gathering experts with a very good level of knowledge of the environmental problems related to the region under study. This condition helps reduce wrong judgments about the needs and limitations of the region under study.
For example, based on the questionnaire, the preference given to the KEPs by the experts of the region was as follows (the position obtained by each KEP is written in parentheses): Path_LVC (1), Path_Wat-Av (2), Path_Sol-Was (3), Path_CO 2 (4), and Path_Air-Q (5) . However, this order may certainly change in other regions, because the application of judgments depends on the environmental needs, sociopolitical and socioeconomic factors, and technological skills and/or limitations to implement EMAs, which are surely different for different regions. However, it is worth analyzing the order of preference based on each of the questions, whose results are shown in Table 5 .
The questions played an important role in determining the criteria and an order of preference of alternatives represented by KEPs associated with their corresponding EMAs. The first four questions have a similar order of preference, so we can say that three variables dominant over the preference of experts: LVC, Wat-Av, and Sol-Was. In these first four questions, LVC always takes the first place. Meanwhile, Wat-Av and Sol-Was exchange the second and third place with each other. We can see that CO 2 occupies the four place three times out of five. And Air-Q always occupies the last place.
In conclusion, based on the opinions of experts, the EMAs' related to reducing the LVC will provide a major benefit to the current environmental quality. It exerts negative impacts on CO 2 emissions and water scarcity; however, LVC suffers effects from water scarcity, waste, CO 2 emissions, forest fires, and the construction of transportation roads. Even though the development of new urban areas and industrial parks, as well as changes in land use, affect the LVC, they were not included in this study because of lack of information. Due to the fact that LVC, water availability, and solid waste are quite related, we show a brief analysis of these three variables and some important problems associated with them.
On the LVC: The Payment for Environmental Services (PES) program was introduced in Mexico in 2003 as a response to deforestation rates, aquifer overexploitation, and high poverty rates in rural areas. The PES program has had a low impact due to several problems: a wrong definition of eligibility zones; the criteria to select plots needs to be redefined [62] ; the decision makers have different interests because they belong to different organizations and institutions; the payments for all forests are flat, which is egalitarian, but highly inefficient [63] ; and the lack of monitoring the performance of the PES program, among others [64] .
On water availability. Some of the problems related to water in the state of Morelos are bad maintenance of water wells; contamination of ravines and rivers; overexploitation of aquifers, which deteriorates water quality due to saline intrusion and fossil water migration concentrated naturally; water pollution due to the discharge of domestic, industrial, agricultural, and mining residues; and inadequate water distribution systems requiring constant monitoring to detect leaks and repair obsolete water distribution networks. The unavailability of water, the inefficient use of water in agriculture and urban zones, and the lack of use of rainwater are other important issues related to this problem [65] . These problems require long-term integral management planning at a national level, which unfortunately does not exist, so far [66] .
On solid waste. As population increases, waste generation also increases due to human activities, thus bringing about a decrease in water supply and water quality. An important issue in municipal solid waste management is the construction of adequate landfills; otherwise; the waste produces wastewater, which in turn pollutes the soil and surface water. In addition, high concentrations of PM 10 , Mn, and Ni were found in air samples, which exceeded the permissible limits [67] . Thus, sanitary landfills are required and should be located in adequate places to avoid the contamination of groundwater. Water resources would benefit from adequate studies focused on the location of potential landfills. We can confirm that relevant cause-effect relationships take place between solid waste generation and the availability and quality of water [68] .
The order given by experts to Question 4 was similar to the order given to Questions 1, 2, and 3. This order is consistent with the order given to the previous questions, as long as it is based on a regional perspective. In conclusion, we consider the reason the experts chose the LVC, water, and waste as those with the highest weights is because of their strong relationships, as described above.
Question 5 is related to a key environmental variable that represents the most international concern. Even though CO 2 emissions are of high current international concern, water availability occupied first place in this question. We recall that CO 2 emissions are the grounds for international concern, resulting from the Paris climate agreement (COP 21, 2015) , which sought to curb greenhouse gas (GHG) emissions and limit global temperature increase to between 1.5 and 2 • C [69] . In addition, the Special Report on Global Warming of 1.5 • C by the IPCC in the Republic of Korea [70] called for limiting global warming to 1.5 • C compared to 2.0 • C. As already discussed, at a regional level, in Mexico, water availability represents such an important concern for local communities that it has taken the place of the worry about CO 2 emissions as the most important environmental concern. Certainly, CO 2 emissions represent the most international concern in terms of developed countries, mainly because they have a high level of environmental education and considerable economic resources oriented to finding solutions to reduce CO 2 emissions. Example include those countries belonging to the European Union. Instead, for developing countries, for example, in Latin America and Africa, the major concern is, without any doubt, water availability.
Analysis Related to the Adaptation Mechanism
As already mentioned, as the number of EMAs provided by the CBR-AHP method to decision makers increases, conflicting situations can occur at the moment of choosing one EMA over another. When high trend values of 3, 4, or 5 KEPs fall inside the regions at high or very high risk, more than two EMAs related to KEPs are needed to be implemented. In such cases, conflicting situations can occur due to the fact that some EMAs could be more important for certain decision makers than for others. We have already analyzed that, in such cases, an order of priority based on the assigned weights given to KEPs helps considerably to solve this conflicting situation.
We illustrate this aspect with the example treated in Sections 2.2.3 and 2.2.4, where four trend values of the KEPs belonging to the current situation fall inside the region of high risk (two KEPs) and inside the region of very high risk (two KEPs). The GES value falls inside the region of high risk. The current situation is expressed in terms of normalized values as follows: CO 2 (0.720); waste (0.830); water (0.630); LVC (0.882); and air quality (0.500). Meanwhile, the weights assigned to the KEPs are 0.7 for CO 2 ; 0.6 for waste; 0.9 for water; 0.5 for LVC; and 0.8 for air quality. The highest weight value was assigned to the LVC variable. The similar situations stored in the MC and their corresponding solutions were the following: S81 (1)/0.0628/LVC-CO 2 -Waste (it is read as follows: the situation 81 was the most similar to the current situation, whose similarity value was 0.0628. The EMAs associated with S81 are LVC/CO 2 /Waste. Based on this format the next similar situations have the following data: S50(2)/0.0682/CO 2 -Waste-Water; S113(3)/0.0734/Waste-LVC-CO 2 ; S84(4)/0.0780/Waste-LVC-CO 2 ; and S29(5)/0.0925/LVC-Waste.
We can conclude from these results that the highest weight value was assigned to LVC (0.5), followed by waste (0.6) and CO 2 (0.7), and three out of five similar situations are composed of the same EMAs (LVC/Waste/CO 2 ), which are proposed as EMAs to decision makers. This definitely simplifies the process of selecting EMAs. However, a problem remains to be solved: Which is the order of importance of these three EMAs? As we have shown, the CBR-AHP hybrid method proposed in this work solved this problem. The use of the AHP method provided decision makers with an order of importance of the KEPs associated with their EMAs by checking the consistency of the provided order to ensure an adequate selection of EMAs.
It is important to point out that the adaptation mechanism takes into consideration several factors to obtain the final solution. These factors can be derived from different causes related to regions where the EMAs would be implemented. These causes can involve socioeconomic, sociopolitical, and/or technical aspects. Among these aspects, we can mention the following: (1) the priority assigned to KEPs (e.g., the problems associated with solid waste could be the most important to be solved for a given region, but, for other regions, the most important variable could be a different environmental variable); (2) meeting the commitments related to international agreements to address the problem of climate change (e.g., based on COP-21, the reduction of CO 2 emissions is the priority to avoid increasing temperatures beyond 2 • C for 2030); and (3) the technical feasibility to implement a given management action in a given region (e.g., a region may or may not dispose of instruments and professionally trained people to monitor the air quality). In addition, due to conflicting situations between opposing political parties, the agreements to support the generation of public policies aimed at facing certain priority environmental problems may not be concluded positively, thus delaying an urgent decision.
The CBR-AHP method integrated into the EMS has provided promising results through its units, such as the memory of cases, the method for weighting the KEPs, the process to retrieve similar cases from the MC, and the adaptation mechanism. Therefore, we consider that the integration of the CBR-AHP method into the environmental management system is a feasible proposal that is capable of providing valuable support to the decision-making process for the selection of appropriate EMAs aimed at improving the environmental state of a region.
Conclusions
The selection of a set of adequate EMAs to reduce the risky trends of the current environmental state of a region represents an important decision-making challenge. In addition, the selection of a set of inadequate EMAs already implemented put at risk a sustainable performance of an EMS. Such selection becomes more critical when decision makers should assign an order of priority to several candidate EMAs. In order to address this problem, we have proposed the integration of the CBR and AHP methods to select a set of adequate EMAs, thus supporting the sustainable performance of the EMS.
We have argued that the interactions-represented by cause-affect relationships in this work-between the involved variables that affect the environment make the complex task of selecting a suitable set of EMAs to improve the environmental-state quality difficult. We have also emphasized that the knowledge of the relationships between drivers and stressors that exert effects on the environmental state is basic to understanding important processes taking place in the environment which, in turn, will allow us to assess the environmental state to support decision makers in the selection of more-adequate EMAs.
The selection of a set of adequate EMAs should satisfy relevant aspects related to certain criteria determined by experts, who should know very well the environmental context of the region under study. The alternatives represented by EMAs should satisfy the criteria for selection, the set of EMAs should be ordered by priorities by formally checking the consistency of the given order, and the assessments of the current environmental state should reflect a general environmental context, instead of partial views associated with isolated environmental variables.
We have found that selection criteria based only on the assessments of current values of independent variables is not significant enough to reflect an acceptable environmental context. Therefore, we have proposed assessments of KEPs, because the behavior of the trend values of KEVs over time is due to a sequence of cause-effect relationships between drivers and stressors that converge into them. This is the reason why we use trend values of KEPs in the construction of situation-solution pairs or cases to be stored in the MC. In addition, through the use of KEPs, we are able to identify what relationships are causing the most, or the least, damage to the global environmental state. Finally, we point out that a KEP is always associated with a KEV.
Despite the advantages of the CBR method to reason about experiences or cases stored in the MC to solve new problems, this method is sensitive to inconsistent data without having the capacity to establish an order of priority of the involved variables, which is required in two important processes of the CBR method. The first process is during the calculation of the similarity value to retrieve similar cases to current situations. In this case, KEPs should be weighted to calculate the similarity value. The second process is during the adaptation process to obtain the solution by combining several candidate EMAs to build a solution. In this case, EMAs or alternatives should be weighted and ordered according to priority. Due to these disadvantages, the CBR method alone does not guarantee a selection of a set of adequate EMAs, and, consequently, the sustainable performance of the environmental management system can be affected. This disadvantage is an advantage in the AHP method. Thus, the advantages related to both methods were integrated to reinforce the decision-making process to select adequate EMAs.
The criteria and alternatives determined to select the EMAs to be implemented depend on the needs and the context of the region under study. This dependence is multifactorial, where socioeconomic, sociopolitical, and technological factors play a very important role in the decision-making processes. For example, the highest priorities assigned to EMAs may be water availability or loss of vegetation cover for certain regions of developing countries, such as Mexico. Instead, the reduction of CO 2 emissions may be the highest priority for European countries. These aspects make the task of selecting adequate EMAs in the decision-making processes even more difficult. The hybrid method proposed aims to support decision makers in this complex task.
The results obtained provided significant insights into the capacity of the hybrid CBR-AHP method to support the decision-making process in the selection of adequate EMAs to reduce the risky trends of an environmental state in a region. Such results also suggest expanding the number of KEPs and EMAs to test the capacity of the CBR-AHP method in more-complex scenarios and verify the limits of the consistency-checking method as criteria and alternatives increase. For future study, this CBR method could be replicated and applied to other environmental issues. Another important issue for future study is to enrich the MC by providing cases with information related to hints about the effort necessary to implement EMAs and about the expected results derived from an eventual implementation of EMAs. Appendix B Table A2 . The Environmental Management Actions (EMAs) to Be Selected.
Key Environmental Variables Environmental Management Actions
CO 2 Emissions
(1) A program of road re-engineering along with an interstate vehicle verification with mobility restrictions, mainly within metropolitan zones;
(2) modernization of the vehicle fleet; (3) hybrid and electric vehicles; (4) the use of alternative fuels such as ethanol and biodiesel; (5) the reorganization of loading and passenger transportation.
Solid Waste
(1) Construction of infrastructure for the separation, recycling, collection and disposal of waste; (2) construction of regional composting plants in areas of high organic waste generation and strategic areas for agriculture;
(3) a formal inter-state program for the prevention and integral management of waste; (4) an ongoing awareness campaign for the reduction of the generation of solid waste.
Water Availability
(1) Modern infrastructure for an efficient management and monitoring of continuous operation of the existing waste-water treatment plants; (2) modern hydraulic infrastructure that ensures the extraction, the supply and adequate use of the liquid for domestic purposes; (3) the reuse of treated water to reduce the consumption of water of first quality; (4) a program of capture and use of rainwater in priority areas.
Loss of Vegetation Cover
(1) Protected natural areas; (2) payment of environmental services;
(3) ecological zoning of the territory; (4) monitoring and control of forest fires; (5) reforestation.
Air Quality
(1) Vehicle transport control; (2) forest fires control; (3) environmental education; (4) clean production; (5) avoiding burning the residues of the sugarcane crop by using them for fertilizer, biodigesters, and power generation, among others.
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